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A gate induced insulating behavior at zero magnetic field is observed in a high mobility suspended
monolayer graphene near the charge neutrality point. The graphene device initially cleaned by a
current annealing technique was undergone a thermo-pressure cycle to allow short range impurities
to be adsorbed directly on the ultra clean graphene surface. The adsorption process generated a
strong temperature and electric field dependent behavior on the conductance of the graphene device.
The conductance around the neutrality point is observed to be reduced from around e2/h at 30 K to
∼ 0.01 e2/h at 20 mK. A direct transition from insulator to quantum Hall conductor within ≈ 0.4 T
accompanied by broken-symmetry-induced ν = 0,±1 plateaux confirms the presence of intervalley
scatterers.
The nature of the conductivity at Dirac point has been
debated since graphene’s first isolation [1]. One of the
most important applications of graphene would be in dig-
ital electronics if it could be made to have depletable con-
ductance while maintaining its high mobility. However,
in graphene the on/off resistance ratio is hindered by po-
tential fluctuations generally attributed to unintentional
doping where minimum conductance is limited by satu-
ration of the average carrier density in the presence of so-
called electron-hole puddles. Even ultra-clean high mo-
bility suspended monolayer graphene samples have been
observed to have a minimum conductivity [2–6] comply-
ing with the theoretical ballistic limit (4e2/pih) [7, 8]. On
the other hand, insulating behavior around Dirac point
has been observed in double-layer graphene heterostruc-
tures [9] or in top-gated graphene sheets on hBN sub-
strates [10] by screening the charge puddles.
According to the scaling theory of localization, when
the spatial symmetry of a two dimensional system is bro-
ken, its conductivity tends to zero. In presence of impu-
rities that have potential range extending much longer
than the lattice constant, symmetry is preserved and
there is no mixing between K and K’ points in the band
structure of graphene. This leads to a positive cor-
rection to the conductivity and anti-localization is pre-
dicted [11, 12]. On the other hand, by the addition of
short range imputirities the symmetry is broken and in-
tervalley scattering is allowed. In general, there are two
scattering mechanisms for Dirac fermions in graphene,
intra-valley and inter-valley scattering. In the presence of
long-range disorder potentials, as in the case of graphene
on Si substrate, the electrons scatter in each of the two
valleys without backscattering [13–15]. However, with
short-range or strong long-range disorders [16], e.g., in
graphene on hBN or suspended graphene, the dominant
scattering is inter-valley scattering which gives rise to
backscattering and localization [9–12, 17–22].
Here we report the first time observation of an insulat-
ing behavior in a suspended monolayer graphene around
its charge neutrality point at zero magnetic field. This
peculiar behavior, characterized by highly temperature-
dependent strong conductance fluctuations, is mediated
by the valley symmetry breaking and attributed to the
presence of short-range disorders. The inter-valley scat-
tering length is estimated to be liv ≈ 0.1 µm by gate
and temperature dependent measurements as well as the
magnetotransport data.
The suspended graphene sample was treated by a two-
step procedure that involved removal of long range scat-
terrers followed by deposition of short range scatterrers.
The sample was first cleaned by a current annealing
scheme, through which the graphene sheet and the con-
tact probes were annealed concurrently [23], to the point
that a very sharp conductance dip is obtained (Fig. 1).
Organics and residues left on graphene are known to
generate long range density fluctuations in the form of
electron-hole puddles which effectively saturate average
carrier density and making the Dirac point unaccessible.
The simultaneous annealing of probe and graphene helps
to achieve a uniform temperature profile over a graphene
sheet at low temperature in a vacuum chamber. This
allows a thorough cleaning of graphene from the con-
tamination stuck on it before and during the fabrication
process.
In the second step the sample was let undergo a ther-
mal cycle which also caused a brief and mild loosening of
the vacuum level in the chamber. An insulating behav-
ior was acquired after the thermo-pressure cycle (TPC)
of the high quality ultra-clean suspended graphene sam-
ple. In addition to the normal sequence of quantum
Hall plateaus for single layer graphene, magnetoresis-
tance measurements reveal emergence of indisputable
ν = 0,±1 plateaus as a result of broken valley and spin
symmetries [5]. This is interpreted to be due to the pres-
ence of strong short range scatterers that break the valley
symmetry in an ultra-clean graphene sheet.
The graphene sample used in these experiments was
mechanically exfoliated from a natural graphite and then
transferred on to a p doped Si substrate covered by 285
nm of SiOx. Single-layer flakes were identified based
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FIG. 1. The conductance at zero field (blue) and at B = 0.3 T
(red) as a function of carrier concentration, measured after
current annealing of the suspended graphene but before it
is underwent the thermo-pressure cycle. Device has channel
length L = 1 µm and width W = 2 µm. The lead resistance
RC = 0.9 kΩ is estimated from the quantumHall plateaus and
subtracted in the plots. Inset shows the optical microscope
image of the measured device. Measurements were performed
between the probes labelled as S and D with IS = 10 nA
applied current at 1.5 K. Dashed lines mark the borders of
the suspended graphene. Scale bar is 1 µm.
on their contrast under the optical microscope and con-
firmed by Raman spectroscopy. Electron beam lithogra-
phy is employed to pattern the electrical contacts made
from Cr/Au (3/100 nm) followed by a lift-off in acetone.
Suspension is achieved by dipping the SiOx in a buffered
oxide etcher (BOE) to remove 185 nm of SiOx layer. Sub-
sequently the device was transferred into DI water and
isopropyl alcohol followed by a gentle nitrogen dry. Elec-
trical measurements were done in a dilution refrigerator
with a magnet using standard lock-in techniques. The
sample and the metallic leads were annealed at 1.5 Kelvin
by passing independently controlled DC currents through
them. This technique allowed heating of both graphene
and leads independently to sufficiently high temperatures
and prevented accumulation of residues to accumulate
near the leads. The details of the annealing procedure
is provided in Ref. [23]. The annealing is done in repeti-
tive current ramps with increased max current until the
resistance peak shifted to near zero gate bias indicating
low unintentional doping.
The conductance of the sample after current annealing
is displayed as a function of the gate voltage, Vg and the
carrier concentration, n in Fig. 1. Parallel-plate capacitor
model is used to determine the variation of n with respect
to the gate voltage as n(Vg) = αVg where the value of the
coupling factor is determined as α = 2.7×1010 V−1cm−2;
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FIG. 2. (a) Conductance as a function of Vg after thermo-
pressure cycle at various temperatures at zero magnetic field.
The insulating behavior appeared after adsorption of short
range impurities. (b) Conductance before and after the
thermo-pressure cycle.
this value is consistent with the one estimated obtained
from the quantum Hall (QH) measurements.
As shown in Fig. 1, the sample was confirmed to be
a monolayer graphene via QH measurements where con-
ductance exhibits well developed quantized plateaus at
ν = ±2,±6,±10 at a magnetic field as small as 0.3 T.
Taking the aspect ratio ofW/L = 2 into consideration, it
should be noted that the peak resistivity of the suspended
graphene sample after current annealing (∼ 50 kΩ) is well
above the resistance quantum h/e2 which is a hallmark
of extremely clean samples with substantially reduced
electron-hole puddles [24]. In an ultraclean graphene
sample, the conductance can be suppressed well below
e2/h if the average charge density is sufficiently reduced
near the neutrality point. In other words, it is the sat-
3urated carrier density around the Dirac point due to
the presence of electron-hole puddles that determines the
minimum of conductance in graphene.
The sample is then taken through an in-situ thermo-
pressure cycle from mK to 200 K and then back to mK
along with loosening of vacuum up to 10−2 mBar after
which it adopted strong conductance fluctuations leading
to an insulating behavior around the charge neutrality
point with mega-ohm resistance peaks. We believe that
the ultraclean sample was disordered during the thermo-
pressure cycle by some adsorbents accompanying strong
short-range potentials leading to pronounced conduc-
tance fluctuations and intervalley backscattering [11, 12].
The conductance exhibits strong fluctuations as the
charge density is varied and an insulating behavior at low
density regime. In Fig. 2(a), the conductance as a func-
tion of gate voltage is plotted at various temperatures
up to 30 K. The conductance fluctuations are strongly
dependent on temperature especially around the neutral-
ity point and are remarkably suppressed at higher tem-
peratures. A comparison between the gate-dependent
conductance before and after the TPC is illustrated in
Fig. 2(b). The adsorption of atomic impurities during
the TPC caused a suppression of conductance along with
strong fluctuations around the Dirac point.
As the temperature is lowered, the transport of elec-
trons becomes coherent and leads to quantum interfer-
ence corrections to the conductance. In Fig. 3(a), the
relative fluctuations of conductance is illustrated in low
density regime at different temperatures. It can be seen
that as the temperature is decreased the fluctuations
in the conductance are strongly pronounced especially
around the Dirac point generating the insulating dips
seen in Fig. 2(a). The fluctuations are reproducible at
different temperatures while intensifying at lower tem-
peratures such that they can diminish the conductance
occasionally around the Dirac point and lead to an in-
sulating behavior when the carriers are totally localized
in the bulk. Suzuura and Ando [11] showed that in two-
dimensional honeycomb lattice the quantum interference
correction to the Boltzmann conductivity is given by
∆σ = ±(e2/pih) log(lφ/le), where lφ and le are the co-
herence and elastic scattering lengths, respectively. In
the case of long-range disorders, the backscattering is
forbidden thus the correction is positive whereas in the
presence of short-range potentials the intervalley scatter-
ing becomes probable and lead to a negative correction to
conductivity. The coherence length decreases at higher
temperatures, suppress the quantum interference effects
and lead to a logarithmic temperature behavior for the
conductance correction. The average value of change in
the conductance at different temperatures is plotted in
Fig. 3(b) which shows a logarithmic suppression of the
negative conductance correction for T ≥ 2 K. Below 2 K,
the conductance correction starts to saturate. This is the
temperature below which the coherence length exceeds
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FIG. 3. (a) Change of the conductance, ∆G relative to its
value at 30 K with respect to the carrier density, n. The
conductance fluctuations as well as the average change are
strongly temperature dependent. (b) ∆G averaged over the
density window depicted in (a) shows a logarithmic behavior
at high temperatures and tends to saturate for T ≤ 2 K where
the coherence length of the electrons exceeds the sample size.
the sample size thus saturates the conductance.
Since the insulating behavior is observed for |n|≤
1011 cm−2 and the localization requires a mean free path
of the order of the Fermi wavelength, λF = (4pi/n)
1/2,
we can estimate the mean free path for intervalley scat-
tering as liv ∼ 0.1 µm. A similar length scale is also
inferred from the magnetotransport data presented in
Fig. 4. The field at which the sample transitions to the
quantum Hall state (B ∼ 0.4 T ) gives a length scale
(φ0/B)
1/2 ≈ 0.1 µm corresponding to a flux quantum
φ0 = h/e enclosed by cyclotron orbits which sets a mini-
mum on the intervalley scattering length.
The intervalley scattering is also manifested in the
quantum Hall regime. Fig. 4 shows the conductance as
a function of carrier density at various magnetic fields
from 0 to 2 tesla. A direct transition from the insulat-
ing behavior around the Dirac point to quantum Hall
regime is observed around 0.4 T where a single conduc-
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FIG. 4. Conductance of the suspended graphene sample after
it is undergone TP-cycle. Plots are taken at magnetic fields
between B = 0 and 2 T in 0.1 T steps. Dips of conductance
where sample is insulating gradually fade with increasing B
and quantum Hall plateaus for filling factors ν = ±2 form.
ν = 0,±1 plateaus also start to appear at around 1 T . The
plots are offset by a constant amount.
tance minimum at Dirac point appears with the develop-
ment of ν = ±2 plateaus around it. Moreover, the sample
displayed clear ν = 0,±1 plateaus besides the normal se-
quence of plateaus for a single layer graphene at relatively
low magnetic fields. The presence of inter-valley scat-
tering lifts the valley degeneracy and splitting the spin
degeneracy at sufficiently high magnetic fields (>∼ 1 T)
giving rise to the fully symmetry-broken quantum Hall
sequences [5, 25] which can be resolved in ultra-clean
samples with small amount of short-range disorders.
In this paper, we have investigated an unexpectedly
low conductance at the Dirac point of a current-annealed
micron-size suspended graphene sheet, well below the
Boltzmann conductivity for graphene, e2/h. More inter-
esting observation was a highly temperature-dependent
insulating behavior in the suspended device after be-
ing disordered by sharp atomic-scale impurity poten-
tials during a thermo-pressure cycle. Such a low con-
ductance around the charge neutrality point well below
the ballistic limit 4e2/pih, before and after thermal cy-
cle, indicates that the short-range intervalley scatterers
dominated over the long-range disorders. This behav-
ior arises from the suppression of the potential inhomo-
geneities induced by charge puddles near the neutrality
point of high quality graphene samples, which may in-
corporate a vanishing conductance and metal-insulator
transition [9, 10, 25]. The adsorbent-induced intervalley
scattering brought the sample into a completely insulat-
ing regime near Dirac point. Lifting of the valley symme-
try due to strong inter-valley scattering was also reflected
in the quantum Hall measurements as ν = 0,±1 plateaus
appearing at relatively small fields of ∼ 1 T .
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